The nonlinear transient effects, similar to self-induced transparency and adiabatic following, are studied for a moving two-level atom that is entering into an ideal microwave cavity in a coherent superposition of its states. The atom undergoes a one-photon transition in the cavity, sustaining a spatial field distribution for a singlemode coherent (or thermal or Fock state) field. For some particular choice of parameters of atomic coherence, removal of an appreciable amount of field energy from the cavity could be observed.
INTRODUCTION
The Jaynes-Cummings model (JCM) describing the interaction of a two-level atom with a single quantized electromagnetic field mode in an ideal cavity has been generalized and extended in several interesting directions for many years. [1] [2] [3] [4] [5] [6] [7] A very important and significant generalization of JCM is to include the atomic motion in it. By doing so, the effects of field structure of the cavity mode sustained in the cavity can be addressed. [8] [9] [10] This model is a most elementary one for studying the interaction of a single two-level atom with an electromagnetic pulse. When mode structure is taken into account, some interesting nonlinear transient effects, which are similar to self-induced transparency and adiabatic following, can be observed in the atomic inversion. 11 Here we examine these transient effects, arising from the mode structure for a moving two-level atom that is injected in a coherent superposition of its states and undergoes a one-photon transition in a single-mode coherent (or thermal or Fock state) field. The motivation behind this study is from the recent cavity quantum electrodynamics (QED) experiments that use an atomic beam passing along the axis of a cylindrical cavity so that one can study the interactions of an atom with different cavity-field modes. In Ref. 8 , these effects have been examined without the atomic coherence. As we will see in the following, some particular phases of the atomic coherence can make the outgoing atomic beam (from the cavity) be with a positive atomic inversion, leading to removal of field energy stored in the cavity. In a previous work, the interaction of a two-level atom (which is in a coherent superposition of its states) with an arbitrary field in an ideal cavity was considered in the framework of standard JCM (without any atomic motion included) under the ''trapping-state'' condition of the interaction time. 12, 13 The cavity field evolved to a pure state that had been termed as a tangent/cotangent state of the electromagnetic field. 13, 14 Also in the recent past, many interesting experiments were carried out related to the atomic coherence, 15, 16 which motivated us to look into the effects of atomic coherence in a true cavity QED situation.
We will neglect the cavity damping in our discussion of the model, which is a reasonable assumption in the microwave regime, where cavities of very high quality factor (Q ϳ 4 ϫ 10 10 ) have been achieved. 17 The typical interaction times for the Rydberg atoms (used in microwave cavity experiments having very large dipole moments) are of the order of 10 Ϫ5 s, and this is three orders of magnitude shorter than the lifetime of photons in a typical high-Q microwave cavity, which is ϳ1/100 s. Thus the assumption of negligible cavity damping when the atom enters such cavity is reasonable. Also, the radiative lifetimes of the Rydberg atoms are large enough, specifically when the circular Rydberg states are employed in the study (about tens of a millisecond), that we can also neglect the radiative damping in our model. The stability of interaction times in the experiments related to the observation of trapping-state dynamics of the micromaser 17 is uncertain within 2-3% because of the effective method employed in the velocity-selection process of the atoms. The transverse velocity spread (with respect to the cavity axis) is very small so that most atoms are moving only along the cavity axis. In the experiment of Ref. 17 , an uncertainty of interaction time of 2 s over the average interaction time of 80 s was reported, and this uncertainty is not mainly due to velocity spread. Note that the stability of interaction times and minimum transverse velocity spread are essential in observing trapping states of electromagnetic fields in the micromaser, and hence our predictions could be tested in similar kinds of experiments.
The paper is organized as follows. The model under consideration is discussed in Section 2. The analytical solutions of the model under exact resonance condition and in far-off resonance conditions are presented in Section 3. We give numerical solutions under different field states and their discussions in Section 4. Finally, we summarize our investigation in Section 5 and give some concluding remarks.
MODEL
We consider a two-level atom that makes a one-photon transition between its ground state ͉ g͘ (energy E g ϭ ប g ) and the excited state ͉e͘ (energy E e ϭ ប e ) while interacting with a single-mode cavity field of frequency . The atom-field interaction can be described by the JCM Hamiltonian under the rotating-wave approximation 1 :
where S ϩ ϭ ͉e͗͘ g͉ and S Ϫ ϭ ͉ g͗͘e͉ are atomic-ladder operators satisfying the usual commutation relationships
is the cavity-field annihilation (creation) operator of the cavity-field mode in a coherent state satisfying the commutation relationship of ͓a, a † ͔ ϭ 1. We further assume that the shape function of the cavity mode is f(z). We restrict our studies for atomic motion along the cavity axis (as the z axis) so that only z dependence of the mode function needs to be considered. This is in accordance with respect to the present cavity QED experiments in microwave cavities. The atomic motion can be incorporated as follows 8, 18 :
in which v denotes the atomic velocity. Hence we can define our cavity mode (TE mnp ) as
where p stands for the number of half-wavelengths of the mode inside a cavity of length L. With the inclusion of the shape function of the cavity mode, the Hamiltonian of Eq. (1) can be conveniently cast in the following form 8 :
For a more general treatment of the problem, one can include a kinetic energy term ( p 2 /2m) in the Hamiltonian of Eq. (4). This type of term accounts for the mechanical effects of the light field on the atomic motion. In an earlier work, the effect of p 2 /2m was included in the Hamiltonian, and reflection of a slowly moving excited atom from a maser cavity was predicted. 19 Also, many other interesting phenomena arising from the effect of a light field on atomic motion in atom optics are studied. 20, 21 In this work, we assume that atoms move fast enough that there is no reflection effect (from the cavity), and they have a constant velocity along the cavity axis and do not possess transverse spread of velocity (or in other words, the interaction energy of atom-field coupling is much larger than the transverse kinetic energy spread of the atoms, a strong coupling regime); then it is sufficient to consider only the time dependence of atom-field coupling. 20, 21 This situation is better known as the Raman-Nath condition in the literature, 20 ,21 and we work under this condition in the following calculations. Note that some interesting results under the Raman-Nath condition in the strong coupling regime of cavity QED were reported for the spontaneous-emission spectrum of moving atoms in the past. 22 Since the atom absorbs and emits a single photon in an ideal cavity in accordance with Hamiltonian (4), the basis vectors constituting the wave function are ͉n, e͘ and ͉n, g͘, and the wave function of the system is
Clearly, the dynamical evolution of the system for each value of n is determined by two coupled equations for the complex amplitudes a n (t) and b n (t). But, we can also define three real quantities u n (t), v n (t), w n (t), such that
and thus obtain a discrete set for the Bloch-like equations of motion for this atom-field system, owing to the discretized photon-number distribution of the electromagnetic field in the cavity. 8 The equations of motion can be easily derived as
Here, ⌬ ϭ e Ϫ g Ϫ represents the atom-cavity field detuning. We assume that the atom enters the cavity at t ϭ 0, in a coherent superposition of its two states, i.e.,
in which is a complex number defined as ϭ ͉͉exp(i). C n represents complex coefficients in general and is a weighting factor for the linear superposition of number states for the field state sustained in the cavity such that the photon-number distribution is given by P n ϭ ͉C n ͉ 2 . In this study, we assume C n to be real, ͉͉ ϭ 1, and ϭ /2 (3/2); thus initial conditions for Eqs. (7) 
and u n (0) ϭ Ϫcos (C n C nϩ1 ) ϭ 0. The measurement of the population inversion of the atom is carried out at the transit time t T ϭ L/v, i.e., when the atom leaves the cavity after making interaction with p half-wavelengths of the cavityfield mode. The atomic state discussed above represents semiclassical dressed states 12 and can be prepared with an external field having phase control. 
ANALYTICAL SOLUTIONS A. On-Resonance Condition (⌬Ä0)
We can easily obtain the solution of the Bloch-like equations for the situation in which the cavity eigenfrequency is on resonance with the atomic transition frequency, i.e., ⌬ ϭ 0 or a ϭ e Ϫ g ϭ . Under this condition of ⌬ ϭ 0, we can exactly solve Eqs. (7) . In fact, the Bloch-like equations reduce to two coupled equations, and the solution is given by
Note the difference between the above solution and the one presented in Ref. 8 , where the atom enters in its upper state ͉e͘. The solutions of Ref. 8 are
The function n (t) can be interpreted 11 as a tipping angle for the Bloch vector n ϭ (u n , v n , w n ) and corresponds to the area of the field that the atom passes until the time t,
( 1 1 ) The mode-structure effects can now be examined with the help of above expression very easily when the cavity modes with p у 1 interact with the atom. At t ϭ 0, the atom enters the cavity at one end and follows the spatial mode structure of the TE mnp mode and all the Bloch vectors n begin to rotate from their n (0) position. The angle n by which the vector n starts rotating from its initial position n (0) would always remain different for different n up to a certain time. For p ϭ 1, i.e., in the case of odd modes, no rephasing of the Bloch vector takes place while it completes one half-wavelength of the mode structure during its transit to the cavity. This is because the pulse area or the tipping angle is now given by
which does not vanish over the half-wavelength of the mode. So we do not observe any spin or photon echolike effect in this situation. This is true for all odd values of p.
However, an interesting situation may arise when the atomic velocity v is such that the tipping angle n (t T ) [Eq. (12) ] for some fixed value of n equals the integer multiple of 2:
This means that the Bloch vector now undergoes q Rabi oscillations inside the cavity and comes out from it in the same position it entered. This situation is very much like the self-induced transparency (SIT) of the 2q pulses in the theory of pulse propagation. Suppose the input field is in the superposition of the number states; then by keeping atomic velocity unchanged, the condition (13) will not be fulfilled for all values of n simultaneously and hence atomic inversion at the cavity exit is always different from that of the cavity entrance. 8 On the other hand, we observe a striking difference compared with the above situation when p is even. Under this condition, the pulse area defined by Eq. (12) vanishes over the p (even) half-wavelengths of mode structure while the atom is making a transit through the cavity. As a result, we observe a SIT type of situation in this case. The atomic inversion, as well as atomic coherence and the cavity field, are not affected by the passage of the atom through the cavity. At the exit of the cavity, we find that w n (t T ) ϭ w n (0), v n (t T ) ϭ v(0), and u n (t T ) ϭ u n (0). Also, this SIT is independent of the initial field state, strength of the field, or atom-field coupling coefficient, and the initial atomic state.
B. Far-Off Resonance Condition (⌬š0)
Equations (7) can be solved in the adiabatic following approximation under the far-off resonance condition. 8 The assumption is that the Bloch vector n changes on the scale ⌬ Ϫ1 as compared with the torque vector ⍀ n , which changes on the time scale of the order of L/pv. Therefore if ⍀ n changes its direction very slowly compared with n , then
Hence, n precesses rapidly about ⍀ n and adiabatically follows it. The details of solution of Eqs. (7) under the adiabatic following approximation is given elsewhere,
and we will not reproduce them here.
NUMERICAL RESULTS

A. Cavity Field in Coherent State
We now discuss the results obtained by the numerical integration of Eqs. (7) and the interesting situation occurring for the intermediate values of the detuning ⌬. The situation arises owing to the mode structure of the field sustained in the cavity and for a particular choice of coherence between the two atomic levels. The results are depicted in Fig. 1(a) , where we have plotted the atomic inversion as a function of atomic detuning for a fixed atomic velocity v ϭ gL/. The mean photon number of the single-mode coherent field sustained inside the cavity is n ϭ 10, and the photon-number distribution is Poissonian, given by P n ϭ e Ϫn n n /n!. The curves A and B in Fig. 1(a) are for the odd ( p ϭ 1) and even ( p ϭ 2) values of the cavity eigenmodes, respectively. Curve C is for the usual JCM without atomic motion and any mode structure taken into account. We have kept the initial conditions for ϭ /2 as discussed at the end of Section 2
), assuming C n to be real positive numbers]. On resonance ⌬/g ϭ 0, for p ϭ 1 (curve A), we do not observe any transparency, but for p ϭ 2 (curve B) there is transparency ͓w n (t T ) ϭ w n (0)͔. There is no complete transparency in the usual JCM also (curve C). At a very large value of ⌬, the adiabatic following of the inversion is evident for the JCM with field structure as discussed above and in Ref. 8 .
The most striking situation is arising for the p ϭ 2 eigenmode of the cavity. There is a distinct positive gain in the population inversion [we started with a very small inversion initially, i.e., ͚ w n (0) is quite small, where
2 )] as we move on either side of the ⌬/g ϭ 0 point in Fig. 1(a) for the curve B. The gain reaches maxima at the values of ⌬/g Ϸ Ϯ3. Hence field energy can be depleted in the cavity in such a situation, as ͗a † a ϩ S z ͘ is a constant of motion. Note that this gain is not available appreciably with the usual JCM with the same initial conditions [ Fig. 1(a) , curve C]. We have reproduced Fig. 1(b) for the initial conditions of the Ref. 8 for the sake of comparison. In Fig. 1(b) , all other conditions are the same as in Fig. 1 (a) but with w n (0) ϭ 1, v n (0) ϭ 0, and u n (0) ϭ 0. Clearly, there is no gain in the population inversion in Fig. 1(b) for both p ϭ 1 and p ϭ 2 eigenmodes of the cavity owing to the choice of the initial conditions (i.e., the atom is already inverted when it enters the cavity).
Next, we study how the phase of the atomic coherent state [Eq. (8) ] can control the atomic dynamics. If the phase of the coherent superposition of the atomic state is reversed, i.e., ϭ 3/2, then the initial conditions go as
, v n (0) ϭ ϪC n C nϩ1 , and u n (0) ϭ 0. We keep n ϭ 10 and replot the atomic inversion as a function of detuning in Fig. 2(a) for p ϭ 1 (curve A), p ϭ 2 (curve B), and standard JCM (curve C). These curves become exactly opposite of that in Fig. 1(a) with a small gain observed in the standard JCM (curve C). The JCM with mode structure included now shows gain not only at the p ϭ 2 mode (the even mode) but also on the p ϭ 1 mode (the odd mode). The gain on the p ϭ 2 mode is larger in comparison with Fig. 1(a) . The positions of these peaks are located at ⌬/g Ϸ Ϯ5 in this case. This means that there is a larger probability of energy removal with this phase on the p ϭ 2 mode. Another point of interest with this phase is that there is finite probability of energy removal with the odd cavity mode ( p ϭ 1) also. The positions of the peaks are located at ⌬/g Ϸ Ϯ4 in this mode. It can be argued that, if the atom is sent in its ground state, then there is finite probability that the atom will come out of the cavity in its excited state and thus acts as a carrier of energy away from the cavity. We Fig. 1 . Atomic inversion at the cavity exit versus detuning ⌬/g for a fixed transit time t T ϭ /g. Curve A is for a TE mnp mode with p ϭ 1, curve B is for p ϭ 2, and curve C is for the standard JCM. In all the cases, the field is initially in a coherent state with n ϭ 10 (all C n 's are real) and (a) plot the situation in Fig. 2(b) with the initial conditions v n (0) ϭ 0, w n (0) ϭ Ϫ1, u n (0) ϭ 0, and n ϭ 10. We are looking for the net gain in population inversion to see how much above the level of w n ϭ 0 can the inversion go under this situation. We find a little gain around ⌬/g Ϸ Ϯ4 for the p ϭ 2 mode in this case, but this does not mean that the atom sent in its ground state is not efficient in removing the cavity energy. Using atoms in coherent superposition of their states provides a flexibility to change the inversion of atoms coming out of the cavity depending on the phase of coherence, and thus the energy removal from the cavity can be easily controlled.
The atomic dynamics could be a sensitive function of the mean number of photons sustained in the cavity-field mode. In order to explore that, we plot in Figs. 3(a) and 3(b) the atomic inversion with respect to ⌬ for various values of n with initial conditions the same as in Fig. 2(a) . Fig. 2(a) with curves A, B , and C of Fig. 3(a) [Fig. 3(b) ] clearly reveals the sensitivity of atomic inversion on the mean photon number for the odd ( p ϭ 1) and the even ( p ϭ 2) modes of the cavity. There is a general trend of increasing gain (the peak height increasing in the atomic inversion by which we define the gain) with the increase in mean photon number of the cavity-field mode for both odd ( p ϭ 1) and even ( p ϭ 2) modes. These conclusions, nevertheless, are only true for this particular choice of atomic coherence. For example, if the phase of atomic coherence is reversed, the gain peaks are reversed in Figs.  3(a) and 3(b) , and then we have some different results with respect to the change in average photon number of the cavity field. This is because the atom-field dynamics including field mode structure is a complex one with the variation of parameters.
B. Cavity Field in Thermal State
It is rather interesting to know the effects of the cavity field in the thermal state on the above-mentioned phe- Fig. 3 . Atomic inversion at the cavity exit versus detuning ⌬/g for a fixed transit time t T ϭ /g: (a) with a TE mnp , p ϭ 1 mode, and (b) with a TE mnp , p ϭ 2 mode. The field is initially in a coherent state (all C n 's are real) with
). Curves A, B, and C are for n ϭ 20, 25, and 30, respectively. nomena revolving around the study of atomic inversion with atomic detuning and mean photon number. Thermal states play a very important role in cavity QED experiments in the microwave cavity. The thermal-field state is diagonal in its representation in Fock-state bases. The photon-number distribution for a thermal state with mean photon number n is given by P n ϭ n n /͓(n ϩ 1) nϩ1 ͔. In Figs. 4(a) and 4(b), we display the atomic dynamics for p ϭ 1 and p ϭ 2 modes, respectively, in terms of atomic inversion as a function of ⌬/g with different values of mean cavity photon number (n ). Since the thermal-field distribution is diagonal in its representation, we have slightly changed initial conditions in this case in comparison to the coherent field, i.e., w n (0)
, v n (0) ϭ 0, and u n (0) ϭ 0. Curves A, B, and C are for n ϭ 10, 20, and 30, respectively. Because of the changed initial conditions owing to basic difference in the representation of the thermal field over the coherent field in the Fock-state bases, we do not observe any gain for the removal of the cavity-field energy here for both p ϭ 1 and p ϭ 2 cases (compare Fig. 3 and Fig. 4) . Hence the off-diagonal elements of the field-density operator play a significant role in the dynamical evolution of the moving atom in the cavity. Figure 4(a) ( p ϭ 1) is qualitatively similar to curve A of Fig. 1(b) ( p ϭ 1, coherent field) . The main difference in the two situations is of the magnitudes of atomic-inversion variation about the initial value. For the thermal field, this magnitude of variation is very small (and tends to decrease with large n ) in comparison with the coherent field for the reasons discussed above. We do not observe any SIT at exact resonance because w n (t T ) w n (0) at ⌬/g ϭ 0 for all the three curves of Fig. 4(a) ( p ϭ 1) . It is easy to see that Fig. 4(b) (for p ϭ 2) is qualitatively similar to curve B of Fig. 1(b) ( p ϭ 2, coherent field) but again quantitatively different. Here also the magnitude of variation in atomic inversion about its initial value is very small, and it decreases with increase in n as depicted in curves A, B, and C of Fig. 4(b) . Of course, each curve in Fig. 4(b) ( p ϭ 2) is exhibiting SIT at the exact resonance condition (⌬/g ϭ 0) as discussed in Subsection 3.A.
In recent cavity QED experiments in the microwave regime, ϳ3% fluctuations were mentioned in the velocities of atoms traveling along the cavity axis. 17 This is because in such experiments the atomic beam traveling inside the cavity is prepared by using a large number of apertures and baffles in the path before it enters the cavity so that the transverse components of the atomic velocity are minimized. Also, sometimes mechanical choppers are used to preselect the proper longitudinal velocity, and finally a laser is used to select a narrow band on this nearly one-dimensional Maxwell's velocity distribution. Hence the velocity fluctuations are considerably reduced. In order to show the effects of velocity fluctuations or the fluctuations in transit time on the atomic dynamics, we plot atomic inversion in Fig. 5 for the initial conditions of Fig. 5 . Effect of transit-time fluctuations on the atomic inversion plotted as a function of ⌬/g. The cavity field is in the thermal state with n ϭ 20, and the initial conditions are v n (0) ϭ 0, u n (0) ϭ 0, etc., and p ϭ 2. Curve A is for the transit time t T ϭ /g. Curves B and C represent Ϯ5% variation over t T while curves D and E represent Ϯ10% variation over t T . Fig. 6 . Atomic inversion at the cavity exit versus detuning ⌬/g for a fixed transit time t T ϭ /g: (a) with a TE mnp , p ϭ 1 mode, and (b) with a TE mnp , p ϭ 2 mode. The initial atomfield state is 1/ͱ2(͉a, n͘ ϩ i͉b, n ϩ 1͘). Curves A, B, and C are for n ϭ 20, 25, and 30, respectively. Fig. 4, with p ϭ 2 and n ϭ 20 for the thermal field. Curve A is for the t T ϭ /g, while curves B and C represent Ϯ5% variations on t T , respectively. Curves D and E show the effect of Ϯ10% variation on t T . The SIT peak, located at ⌬/g ϭ 0, are also showing about 5-10% variations, accordingly. It is important to note that the phenomena of SIT and adiabatic following do persist even for some velocity fluctuations for both thermal and coherent fields.
C. Cavity Field in Fock State
The Fock state of the electromagnetic field is very difficult to produce in experiments. Nevertheless, these states are very important in quantum optics because of their intrinsic quantum nature. Two interesting situations with Fock-state fields will be discussed in the following. We first show the effect of entangled Fock states with a twolevel atom on its dynamics. In Fig. 6 , we show the dynamical evolution of a two-level atom under the coherent superposition of its states (the initial atom-field state is 1/ͱ2(͉a, n͘ ϩ i͉b, n ϩ 1͘), and this kind of entangled field-atom state studied here results after a suitable interaction of a single Fock state with the atom in an eigenstate) so that we have v n (0) ϭ 1, w n (0) ϭ 0, and u n (0) ϭ 0 for p ϭ 1 [ Fig. 6(a) ] and p ϭ 2 [ Fig. 6(b) ] cases, respectively. Curves A, B, and C are for n ϭ 20, 25, and 30, respectively. It is interesting to see from Fig. 6(a) that such a Fock-states field can produce perfect population inversion for the p ϭ 1 mode for n ϭ 25 and noninversion for n ϭ 30 for the same initial conditions. Such strong effects in inversion are as a result of intrinsic relative phase between atom and field. However, these effects are not seen when p ϭ 2 [ Fig. 6(b) ]. For the p ϭ 2 case, we need some other Fock states having different occupation numbers to get these results. It is interesting to compare this situation of the Fock-states field with that of a classical field. If we consider the cavity field to be classical, then the semiclassical equation of motion can be obtained by replacing ͱn ϩ 1 with a complex number in Eq. (7) . If the classical field is considered real, then we can replace ͱn ϩ 1 by a real number. Note that there is much similarity in the dynamical evolution under the entangled Fock-state field with the atom and a real classical field, despite their representing two extremes of the situation, except that the Fock-state field changes in jumps (the granular nature of the intrinsic quantum field) but the classical field can be varied in a continuous manner. It is easy to show that the atomic coherent state of Eq. (8) is an instantaneous eigenstate of the semiclassical Hamiltonian or, in other words, it is a semiclassical dressed state under specifically defined 12, 13 values of . We can also have a slightly different situation in which we consider a Fock-state field to be comprised of just one Fock state ͉n͘. With such a field, the initial conditions become w n (0) ϭ 0.5, w nϪ1 (0) ϭ Ϫ0.5, v n (0) ϭ 0.0, and u n (0) ϭ 0.0, and the dynamics are shown in Figs. 7(a) and 7(b) for p ϭ 1 and p ϭ 2, respectively. Curves A, B, and C are for n ϭ 20, 25, and 30, respectively. The difference of this situation with respect to Fig. 6 is very much evident in these curves. The large evolution is not found in Fig. 7 , as there is only one Fock state initially present in the cavity. Also, there is an overall tendency of a decrease in the amplitudes of swings in the dynamics with increasing value of n.
CONCLUSIONS
We have studied the nonlinear transient effects in the JCM that are essentially due to the moving atom with atomic coherence and the mode structure of the cavity field included for an atom undergoing one-photon transition in the coherent or thermal or Fock-state field sustained in an ideal cavity. The distinct features of our study have been compared with Ref. 8 , in which no atomic coherence has been considered. Under the resonance condition, we observed a SIT-like situation that is due to the rephasing of Bloch vectors as a result of vanishing pulse area. At the far-off-resonance condition, the rephasing takes place owing to the adiabatic following, i.e., the field changes continuously but at a rate that is small compared with the detuning. Also, this study clearly brings out the difference arising out of initial atomic coherence and the field structure: (1) The outcoming atom shows positive inversion for both the odd and even modes of the cavity for a particular choice of atomic coherence with respect to the detuning, which is not observed in the usual JCM (without field structure).
(2) We observe depletion of the coherent cavity field owing to the mode structure under certain initial atomic coherence. (3) The depletion of the cavity field can easily be controlled by the phase of the atomic coherence as well as by the cavity mode structures.
